Although the ocular lens shares many features with other tissues, it is unique in that it retains its cells throughout life, making it ideal for studies of differentiation/development. Precipitation of proteins results in lens opacification, or cataract, the major blinding disease. Lysines on ubiquitin (Ub) determine fates of Ub-protein substrates. Information regarding ubiquitin proteasome systems (UPSs), specifically of K6 in ubiquitin, is undeveloped. We expressed in the lens a mutant Ub containing a K6W substitution (K6W-Ub).
Protein profiles of lenses that express wild-type ubiquitin (WT-Ub) or K6W-Ub differ by only ∼2%. Despite these quantitatively minor differences, in K6W-Ub lenses and multiple model systems we observed a fourfold Ca 2+ elevation and hyperactivation of calpain in the core of the lens, as well as calpain-associated fragmentation of critical lens proteins including Filensin, Fodrin, Vimentin, β-Crystallin, Caprin family member 2, and tudor domain containing 7. Truncations can be cataractogenic. Additionally, we observed accumulation of gap junction Connexin43, and diminished Connexin46 levels in vivo and in vitro. These findings suggest that mutation of Ub K6 alters UPS function, perturbs gap junction function, resulting in Ca 2+ elevation, hyperactivation of calpain, and associated cleavage of substrates, culminating in developmental defects and a cataractous lens. The data show previously unidentified connections between UPS and calpain-based degradative systems and advance our understanding of roles for Ub K6 in eye development. They also inform about new approaches to delay cataract and other protein precipitation diseases.
cataract | ubiqutin | calpain | connexin | development M any age-related diseases such as cataracts, macular degeneration, Alzheimer's, Parkinson's, Huntington's, and several premature aging syndromes, appear to be causally associated with accumulation of abnormal proteins (1, 2) . The accumulation of damaged proteins in many age-related diseases involves a vicious cycle of stress-induced postsynthetic modifications to bulk and catalytically critical molecules and limited capacity to remove the damaged proteins, thus accelerating accumulation of damaged proteins and protein precipitation (1) (2) (3) . Clarity is essential for lens function. Age-related cataract is due to the aggregation and precipitation of proteins from the normally clear milieu and is the leading cause of adult blindness worldwide, affecting more than 18 million people (4). Congenital cataracts also involve protein precipitation (5) .
The lens is an excellent system to study specific relationships between proteolytic pathways, stress, and maintenance of protein quality because all of the cells are retained throughout life. The oldest lens tissue is found at the center or core of the lens. Crystallins, the major gene products of the lens, are very long-lived proteins, with half-lives of decades, and their aberrant synthesis or modification results in aggregation, insolubilization, and cataract (6). Common age-related stresses that confront proteins in the lens and other tissues during aging include oxidation, glycation, and methylation, as well as their sequels (3, (6) (7) (8) (9) . Effective stress-reducing systems including antioxidants, antioxidant and repair enzymes, and chaperone and proteolytic capacities help limit damage and maintain solubility and function in younger tissues (3) .
There are three general systems for intracellular proteolysis: lysosomal/autophagic mechanisms, calcium-activated proteases, or calpains, and the ubiquitin proteasome system (UPS). Because nuclei and lysosomes are removed from most of the lens cells in regions where most cataracts form, this leaves only cytoplasmic proteases, including the UPSs and calpains, to remove damaged proteins to retain lens function (3) . There are two basic steps to the UPS: conjugation of substrates to multiple ubiquitins (Ubs) followed by degradation of the protein substrate. Ubiquitin is a highly conserved protein with seven lysines (10) . The Significance Eye lens opacification or cataract is the most prevalent agerelated disease, blinding 18 million people. Cataractogenesis involves accumulation and precipitation of damaged proteins from the normally clear lens. The ubiquitin proteolytic system is the main cytoplasmic degradative pathway that is charged with selectively removing damaged proteins. Ubiquitin has seven lysines. Although lysine 6 is involved in less than 3% of ubiquitin conjugates and we find few changes in lens proteins when lysine 6 is unavailable, we observed that mutating ubiquitin lysine 6 alters cell coupling, resulting in Ca 2+ elevation, hyperactivation of calpain, and associated cleavage of substrates, culminating in developmental defects and a cataractous lens. The data show previously unidentified connections between ubiquitin proteasome systems (UPSs) and calpain-based degradative systems and illuminate roles for ubiquitin lysine 6 in development.
lysines are used, in the first step of the UPS, to form inter-Ub linkages that lead to Ub polymers that are conjugated to protein substrates. Commonly, proteins with K48-linked Ub oligomers attached are scheduled for degradation by the 26S proteasome. The UPS is also involved at multiple critical stages of proliferation, differentiation, and development in most tissues.
It was recently noted that only a minute proportion of Ub conjugates use K6 on Ub (11) . Thus, we were surprised to find that expression of higher levels of K6W-Ub in the lens produced cataracts (12) . Other work showed that Ub mutations in which K6 is replaced by various amino acids, i.e., K6W-Ub, are conjugation competent but proteolytically incompetent. Thus, cells and tissues in which K6W-Ub is expressed accumulate Ub conjugates (13) . Exchanging K for A or R has the same effects. Although structural information about Ub conjugates built using K6 is becoming available (14, 15) , a complete understanding of features that render such conjugates biologically stable remain to be elucidated.
Calpain is up-regulated by increased Ca
2+
. Gap junction proteins, or Connexins (Cxs), are required for maintaining Ca 2+ homeostasis (16) . UPS-dependent degradation of Cx has been observed in CHO and BWEM cells (17) . The formation of cataracts in lenses that express K6W-Ub is compatible with novel functional connections between UPS activity, regulation of Cx and Ca
, calpain activity, and lens clarity. To test the hypothesis, we targeted expression of K6W-Ub to the lens, and we monitored stability of multiple proteins, Cx function and ubiquitination, Ca 2+ , calpain activity, protein integrity, solubility, and localization, as well as lens clarity.
Results
Cataract and Altered Protein Levels in K6W-Ub Lens. K6W-Ub expression in mice in the C57BL/6J×FVB or FVB background resulted in cataracts (Fig. 1A) (12) . With the objective of understanding the consequences of expressing K6W-Ub on differentiation, we compared the proteome in lenses in which the mutant or WT-Ub was transgenically expressed. Virtually all of the experiments in this work were replicated in both lines of mice with comparable results. Postnatal day 1 (P1) lenses were used because differences in development between K6W-Ub and WT mice are obvious at this time (12) . We identified ∼2,300 proteins in WT-or K6W-Ub lens lysates from the total of ∼91,000 peptide spectral counts (Dataset S1). Replicate analyses were used to corroborate the findings. Consistent with K6 on Ub being involved in a limited proportion of conjugates, only 42 proteins were found to have different levels (P ≤ 0.05 and false-discovery rate < 0.20) in the WT vs. K6W-Ub lens (Tables S1 and S2). A list of the 20 proteins (sorted by P value) that show the greatest differences in levels is presented in Table S3 . Notably, a significant portion of these proteins (14 out of 20; highlighted in bold in Table S3 ) are related to lens development. Specifically, γ-Crystallins and the cytoskeleton protein Filensin are decreased ∼3-and 21-fold, respectively, in K6W-Ub lens. Other cytoskeleton proteins, Vimentin and Fodrin (spectrin α2), are elevated 1.4-and 18-fold, respectively, in the mutant lens.
Multiple approaches were exploited to mechanistically link expression of K6W-Ub, the altered proteome, and cataracts. Western blots clearly verified the significant decrease in the amount of Filensin in K6W-Ub lenses in both genotypes (Fig.  1B , Upper, and Fig. S1B , Upper). In the C57BL/6J×FVB/N, the cleavage products appear to have been even further degraded. Although there was a decrease of Filensin mRNA in the FVB line, this was not observed in the C57BL/6J×FVB/N mice ( Fig.  S1C, Lower) . Thus, the difference in protein levels or spectral counts implies an additional regulatory mechanism. The absence of CP49 could not account for this diminution in the parent protein or even fragments because the C57BL/6J×FVB/N is replete with CP49. Interestingly, in K6W-Ub tissue, the level of full-length Vimentin, an intermediate filament protein, is comparable or lower relative to the WT-Ub sample in both genotypes; however, the blots also indicate that native Vimentin is converted to limited cleavage products that accumulate twofold to threefold more in K6W-Ub than in WT-Ub lenses (Fig. 1B , Middle, asterisk, and Fig. S1 B and D). Similar findings were obtained for Fodrin ( Fig. 1C and Fig. S1F ).
To determine whether changes in levels, integrity, or localization of cytoskeletal proteins are associated with alterations in development, lenses were evaluated immunohistochemically. Whereas F-actin is aligned with fiber cells in the WT-Ub lens ( Fig.  1D and Fig. S1E , panels 1 and 2), in the mutant lens the distribution of F-actin is more heterogeneous, often localized in clumps ( Fig. 1D and Fig. S1E , panels 3 and 4). Similar disruptions are also observed for Vimentin in the K6W-Ub lens (Fig. 1D , panels 1-4, and Fig. S1E , panels [5] [6] [7] [8] . By overlapping the F-actin and intermediate filament images, a distinct perturbation of cytoskeletal structure in K6W-Ub lenses is revealed (Fig. 1D , compare panels 1 and 2, and panels 3 and 4).
Notably, three RNA-associated proteins, Tdrd7 (tudor domain containing 7), Caprin2 (Caprin family member 2), and heterogeneous nuclear ribonucleoprotein A1, are also among the most differently expressed in K6W-Ub vs. WT-Ub lenses (Table S3 ). Deficiency of Tdrd7 gene causes juvenile cataract (18) . Caprin2 is involved in erythroblast terminal differentiation, processes with extensive similarities to lens cell development (19) . Interestingly, Caprin2 is expressed at higher levels upon lens development (20) and is predicted to be a cataract-associated gene (21) . Mass spectrometry indicated lower levels of Tdrd7 and Caprin2 in K6W-Ub lenses (Table S3 ). This was corroborated by Western blots that show robust levels of these proteins at P1 and P15 in WT-Ub lenses, but only minimal levels of Tdrd7 and Caprin2 in pools of K6W lenses (Fig. S1G, lanes 2  and 4 vs. 1 and 3, and Fig. S1H, Upper) . The similarity of mRNA levels for Caprin2 in WT-Ub and K6W-Ub lenses suggests that the difference in protein levels is not primarily due to influences of transcription (Fig. S1H, Lower) . The same is probably true for Filensin and Tdrd7 despite differences in mRNA levels of these proteins in the WT vs. Ub-mutant lens (see below).
Expressing K6W-Ub Induces Activation of Calpain and Cleavage of β-Crystallins, Fodrin, Filensin, Vimentin, Tdrd7, and Caprin2. The extensive fragmentation of functionally different proteins suggested an unanticipated acceleration of proteolysis in the K6W-Ub lens. Calpain is one of the dominant proteases in mammalian lenses. Fodrin, Filensin, and Vimentin are known substrates of calpain in lens (22) (23) (24) , and the appearance of cleavage products suggests that there is elevated calpain activity in lenses in which K6W-Ub is expressed. Relationships between calpain and expression of K6W-Ub were examined using four different assays.
MS data and corroborating Western blots indicate that Calpain 3 is a dominant calpain in both WT-Ub and K6W-Ub lens, and the relative level of the full-length Calpain 3 protein is distinctly lower in K6W-Ub lens (Dataset S1 and Fig. 2A, Upper) . Active calpain autolyzes (25) . Higher levels of calpain fragment at the dye front and the lower levels of full-length Calpain 3 are consistent with calpain activation in the K6W-Ub lens ( Fig. 2A,  Middle) . By 15 d, Calpain 3 fragmentation has progressed in both the WT-Ub and K6W-Ub lens, and by 36 d of age, Calpain 3 was only detected in WT-Ub lenses. Real-time PCR indicated that levels of Capn3 mRNA in K6W-Ub lenses were indistinguishable from those in WT-Ub lenses, consistent with differential postsynthetic regulation of Calpain 3 rather than decreased transcription (Fig. S2) .
To directly probe for calpain activity, we used a fluorescent calpain activity assay in freshly removed lenses. In this assay, a fluorescent blue product is formed by active calpain. Greater calpain activity, particularly in the cortex and core, was indicated by blue calpain reaction product in K6W-Ub lenses (Fig. 1D , panels 5 and 6). These are the oldest tissues. The findings are similar in additional sets of P1, P3, and P6 K6W-Ub lens (white arrows in lower panels of Fig. S3 vs. upper panels). As for filament proteins, calpain activity was heterogeneously distributed in the K6W-Ub lens. In contrast, no calpain activity was observed in the core of the WT-Ub lens, as might be expected from the low Ca 2+ in the WT-Ub lenses (see below). It is not possible to homogenize these lenses and retest calpain activity under cellfree conditions because calpain and Ca 2+ localization is lost upon homogenization. The decreased difference in levels of calpain activity between the K6W-Ub lens and the WT-Ub lens beyond P7 is similar to findings of limited differences in levels of major proteins beyond this age (12) .
β-Crystallin is a bona fide calpain substrate and β-Crystallin cleavage and precipitation are observed upon calpain activation (26, 27) . β-Crystallin was observed in the WT-Ub and K6W-Ub lenses, but cleavage of β-Crystallin was observed only in the K6W-Ub lens (Fig. 2B, lane 2 vs. 1) . The extensive cleavage and insolubilization of the β-Crystallin fragment, only in the K6W-Ub lens (Fig. 2B, lane 4 vs. 3) , lends additional support to the hypothesis that K6W-Ub-associated calpain activation is related to cataractogenesis.
To further corroborate that Filensin (24), Tdrd7, and Caprin2 are calpain substrates in lenses from both genotypes, in vitro degradation assays were performed using mouse lens lysate under conditions that enhanced or precluded calpain activation. Filensin is degraded when calpain activity is enhanced by Ca 2+ addition (Fig. 3A , compare lane 3 to lane 1). Tdrd7 and Caprin2 are also degraded when calpain activation is enhanced (Fig. S4 , compare lane 3 to lane 1, both panels). All three proteins are stable when calpain is inactive (+EGTA; Fig. 3A and Fig. S4 , compare lane 3 vs. 2). Together, the findings support the hypothesis that calpain is responsible for the fragmentation of multiple proteins in K6W-Ub lenses. In comparison, γ-Crystallin and GAPDH (see below) are not significantly degraded by calpain (Fig. 3A, Bottom) .
Finally, to corroborate that Calpain 3 is necessary for substrate degradation, we partially or completely immunodepleted Calpain 3 from lens lysates. The degradation of Filensin, Tdrd7, and Caprin2 was partially or fully prevented by depletion of Calpain 3 in a time- (Fig. 3B, lanes 1-4, 5-8 ) and dosage-dependent manner (Fig. 3B, lanes 9-12, vs. 5-8 vs. 1-4) . GAPDH was also partially decreased over time but this was Calpain 3 independent.
Calcium Accumulation and Membrane-Coupling Disruption in K6W-Ub
Lens. Next, we tested the hypothesis that K6W-Ub expression causes elevation of Ca 2+ with the Ca 2+ -sensitive dye FURA2. The Ca 2+ -stimulated signal in K6W-Ub lenses was >1.6-fold that in WT-Ub lenses in C57BL/6J×FVB/N and FVB/N mice ( Fig. S5  A and B) . Furthermore, Ca 2+ concentrations were >4.5-fold higher in the core of the K6W-Ub lens vs. the WT-Ub lens (1,700 vs. ∼350 nM, respectively) (Fig. 4) . These are levels known to activate calpain (28) . In the cortical areas, there was also an approximately fourfold difference in Ca 2+ concentrations between the K6W-Ub lens vs. WT-Ub lens (∼800 vs. 200 nM, respectively) (Fig. 4) . Similar results were obtained in C57BL/ 6J×FVB/N mice (Fig. S5C) . These data indicate that elevated calpain activity in the K6W-Ub lens reflects a significant increase in Ca 2+ concentration due to expression of this mutant Ub. Gap junctions play critical roles in regulating intracellular Ca 2+ in the lens (29) . Series resistance of K6W-Ub and WT-Ub P1-P3 lenses was measured immediately after the killing to determine gap junction coupling. Although the resistance at the surface of both K6W-Ub and WT-Ub lenses was indistinguishable, the resistance in the core of K6W-Ub lenses was approximately threefold higher in the K6W-Ub compared with WT-Ub lenses (Fig.  S5D) . The Ca 2+ gradient is 5.7-fold greater in K6W-Ub compared with WT-Ub lenses. Thus, an increase in gap junction-coupling resistance appears to account for a significant fraction, but not all, of the gradient in Ca 2+ . In support of greater disruption of gap junctions and greater Ca 2+ influx in the K6W-Ub lenses, the input B A Fig. 2 . Activation of calpain cleavage and insolubilization of β-Crystallins in K6W-Ub lens. (A) Immunoblot detection of calpain in P1, P15, and P36 lenses identifies calpain in these lenses and indicates that it is autolyzed more rapidly in K6W-Ub lenses. Images were taken using short or longer exposure time to visualize full-length protein or fragments near the dye front, respectively. (B) β-Crystallins in the soluble and insoluble fractions in WT and K6W-Ub lens.
resistance of the K6W-Ub lenses was 2.4 ± 1.9 KΩ, whereas that of WT-Ub lenses was 7.8 ± 1.9 KΩ.
Expressing K6W-Ub Diminishes Gap Junction Protein Cx46, but Stabilizes
Cx43: A Mechanistic Link Between UPS and Calpain Activities. Gap junction proteins Cxs 43, 46, and 50 regulate Ca 2+ in lens. Although Cx46 and Cx50 are primarily responsible for membrane coupling and Ca 2+ regulation in lens inner fiber cells (29) , Cx43 is more localized to outer lens tissue (30, 31) . To investigate whether disruption of membrane coupling, due to altered Cx levels, might account for the accumulation of Ca 2+ observed in K6W-Ub lens, we analyzed levels of each Cx. Mass spectrometry data indicated that Cx46 and Cx50 are 1.8-and 1.5-fold lower, respectively, in K6W-Ub lens (Dataset S1). Cx43 was not detected in our MS analysis. Consistent with MS data, Cx46 levels are significantly decreased by ∼70% in the K6W-Ub lens (Fig. 5A and Fig. S6A , Upper). In contrast, the level of Cx43 is increased ∼1.8-fold in K6W-Ub lenses (Fig. 5B, lane 2, arrowhead, and Fig. S6B , Upper), especially in outer fibers and epithelial cells (Fig. 1D , panels 7 and 8, and Fig. S6C, arrows) . mRNA levels for Cx43 and Cx46 are comparable in the K6W-Ub and WT-Ub lenses (Fig. S6 A and B, Lower), suggesting that the increased level of Cx43 in K6W-Ub lenses is likely due to impaired degradation rather than major alterations in synthesis of Cx43 (32) (33) (34) . Moreover, more Cx43 is also found as high mass moieties in K6W-Ub lens, presumably Cx43 conjugated to Ub, much of which might be expected to incorporate K6W-Ub (Fig. 5B, compare lane 2 to lane  1) . Furthermore, comparison of isolated Ub conjugates clearly indicates more ubiquitinated Cx43 conjugates in K6W-Ub lenses vs. WT lenses (Fig. 5B , compare lane 6 to lane 5). Such conjugates would be expected to accumulate because K6W-Ub conjugates resist degradation (13) .
To verify that K6W-Ub stabilizes Cx43, we elicited the ubiquitination of Cx43 by phorbol-12-myristate-13-acetate (PMA) treatment or short serum depletion (35) in human lens epithelial cells (HLECs) in vitro (Fig. 5C ). Ubiquitin conjugates increased upon PMA treatment (lanes 4, 6, and 8, vs. 3, 5, and 7, respectively) and brief serum depletion treatments (lanes 3, 4, 7, and 8, vs. 1, 2, 5, and 6, respectively) in WT-Ub (lanes 1-4)-and K6W-Ub (lanes 5-8)-expressing cells. In all cases, expression of K6W-Ub also increased levels of Cx43 in its unmodified form by ∼14-29%, and even more in its modified, Ub-conjugated, forms (Fig. 5D) . This corroborates the in vivo data (Fig. 5B) . These data support the hypothesis that Cx43 is a substrate for ubiquitination, that K6W-Ub enters into conjugates with Cx43, and that K6W-Ub stabilizes ubiquitinated and nonubiquitinated Cx43 in lens epithelial cells.
To further test the hypothesis that elevation of Cx43 is directly related to accumulation of intracellular Ca 2+ , we expressed Cx43 in HeLa cells (which do not express endogenous Cx43). The Inset shows that Cx43 is expressed. We observed a greater than twofold accumulation of Ca 2+ (Fig. 6 ). As expected, overexpression of Cx43 also enhanced Ca 2+ in HLECs (Fig. S7) .
Discussion
Ub pathways start with tagging of substrate proteins by covalent attachment of Ub. There have been major advances in elucidating structure/function of many enzymes that are required to attach ubiquitin to substrates; however, little is known about the biologic effects of mutations in Ub per se in directing differentiation. Of the seven lysines on Ub, less than 1% of ubiquitin conjugates use K6. Surprisingly, eye lens cataract, perhaps the most common human disease, results when K6 on Ub is altered (Fig. 1A ) (12) . Here, we discovered previously unidentified connections between UPS functions, Connexin levels, intercellular Ca 2+ transport, Ca 2+ accumulation, calpain activation, and unscheduled calpain-catalyzed cleavage of multiple bulk, structural, regulatory, and cytoskeletal proteins, culminating in aberrant differentiation and cataract. The profound developmental aberrations caused by expression of K6W-Ub indicate that even lysines on Ub that appear to be involved in only a minority of conjugates, and for which there is little prior functional information, have critical roles with regard to development.
Consistent with limited roles for K6 on Ub, we found that levels of only 42 of >2,300 proteins were different in WT vs. K6W-Ub lenses, and we corroborated differences of critical lens proteins by Western analyses. As such, the results provide the first (to our knowledge) large-scale view of changes in the lens proteome that are caused by expression of a mutant Ub during organogenesis. Cytoskeletal proteins (Vimentin, Fodrin, Filensin), crystallins, RNA granule-associated proteins (Tdrd7, Caprin2), and proteins that control Ca 2+ accumulation (Cxs) are among the moieties that differentially populate these lenses. Mislocalization A B (Fig. S5C) .
of some proteins in the K6W-Ub lens is also indicated (Fig. 1D) . The observation of elevated intracellular Ca 2+ when Cx43 is expressed in HeLa cells (that do not express endogenous Cx43) and HLECs is consistent with Cx43 accumulation and elevated Ca 2+ in K6W-Ub lenses (Fig. 6 ).
Unscheduled Proteolysis by Calpain in K6W-Ub Lens. Far more cleavage fragments and lower levels of full length Fodrin, Filensin, and Cx46 were observed in K6W-Ub lens (Table S3 ) (Figs. 1 B and C, and 5A, and Fig. S1 ). There are also large decreases in levels of native Tdrd7, Caprin2, and Calpain 3 in K6W-Ub lenses. Because the protein levels change by as much as 21-fold, whereas the RNA levels differ by less than 2-fold (Figs. S1 C, D, and H, and S2), it would appear that the altered levels of proteins are primarily due to hyperactivation of calpain. A functional connection between expression of K6W-Ub, and accumulation of Ca 2+ with hyperactivation of calpain was corroborated in assays in which calpain was immunodepleted, or inhibited (Fig. 3) , as well as in direct assays of calpain activity in the lens in situ (Fig. 1D and  Fig. S3 ). In contrast to our observation that perturbation of ubiquitination and UPS function is upstream of calpain activation, perturbation of UPS activity upon activation of calpain has been reported (36) (37) (38) . Our findings are also consistent with observations that Ca 2+ accumulation and overactivation of Calpain 3 are linked to cataractogenesis via loss of Cxs (39, 40) . The data regarding levels of several γ-Crystallins in vivo probably involve delayed synthesis in the K6W-Ub lens (12) (SI Discussion).
Which of over a dozen isoforms of calpains is up-regulated in the K6W-Ub lens? The MS and immunodepletion data indicate that Calpain 3 is the most abundant calpain in these lenses (41) , and the stabilization of Filensin, Tdrd7, and Caprin2 that is observed upon depletion of Calpain 3 with specific Calpain 3 antibodies corroborates that Calpain 3 is activated in the K6W-Ub cataractous lens. (Fig. 6 and Fig. S7 ). Interestingly, calpaininduced fragmentation does not appear to pertain to Cx43, the most widely expressed human Cx and an established UPS substrate (32, 42 ). It appears that an inability to clear Cx43 conjugates that incorporate K6W-Ub results in their accumulation, a backup of this UPS, and, thus, stabilization of the parent protein as well. This mechanism additionally suggests that expression of K6W-Ub may also compromise and saturate the other UPSs, and it provides further rationale as to why cells in which K6W-Ub is expressed have limited capacity to withstand various stresses, particularly proteotoxicity (8, 13) . Please see SI Text for discussion of relations between monoubiquitination and calpain function and for possible other proteolytic or nonproteolytic mechanisms regulating Cx43, Cx46.
Aberrations in RNA Granule and Structural Proteins and Cataract in K6W-Ub Lens. Interestingly, Tdrd7 levels are significantly lower in K6W-Ub lens. Another RNA granule protein, Caprin2, has also been shown to be down-regulated during lens fiber cell denucleation and maturation (20) as well as in K6W-Ub lenses (Fig. S1 G and H). It will be interesting to determine how UPS and RNA granule protein functions are related.
Filensin and Vimentin are major components of the intermediate filaments of the lens cytoskeleton (43) . Fodrin is important in cell membrane (44) . Crystallins are the predominant lens structural proteins. Our findings of altered levels or localization of these proteins, along with abnormal development and cataract in lenses in which K6W-Ub is expressed, indicate a critical role for ubiquitin in facilitating functions of these essential proteins in lens development (Fig. 1) (22, 45) . Our calpain hyperactivation hypothesis offers a parsimonious explanation of the relationship between expression of K6W-Ub and a cataractous lens. As summarized in Fig. S8 , it appears that, in the newly forming lens, expression of K6W-Ub results in dysfunctional gap junctions, accumulation of Ca 2+ , calpain activation, and proteolysis of crystallins, Vimentin, Fodrin, Filensin, Tdrd7, and Caprin2. The role for proteolysis is emphasized by the increase in Cx43 over Cx46 in lenses in vivo as well as the increase in Cx43 in HLECs that express K6W-Ub. When fragmented, some of the proteins become insoluble and cataractogenic (27) . These findings also . Cells were incubated in DMEM that contained 3 μM FURA2 for 1 h at 37°C. After washing in buffer containing 1.8 mM CaCl 2 , A23187 was added, and the extracellular calcium concentration was increased to 21.8 mM at the times indicated. Inset shows that the HeLa cells were expressing the Cx43 as determined by recognition by anti-Cx43 Ab (green) in permeabilized cells.
indicate a previously undescribed calpain-mediated means of regulation of levels of RNA granule proteins that deserves further study. The finding that levels of both β-and γ-Crystallins are lower in K6W-Ub lenses, but only β-Crystallin is a calpain substrate, indicates that the effects of expressing K6W-Ub can be both transcriptional and postsynthetic.
Conclusion. Combined, the data establish that a properly operating UPS, specifically requiring Ub with K6 intact, is crucial for homeostatic Ca 2+ biology, specifically calpain activity, proteopoise, organogenesis, as well as lens function. Because the UPS functions similarly in many tissues and organisms, it appears likely that similar developmental abnormalities will be found upon expression of this Ub variant in other cells or tissues. Thus, the findings add a new appreciation for the importance of K6 on Ub. The essential functions of the proteins that are altered when K6W-Ub is expressed help to rationalize why there are few reports of diseases with mutations in Ub per se (46) . The findings also suggest that discovery of mechanisms of-and means to-exploit the UPS and regulate Ca 2+ -calpain pathways will provide new approaches to prevent or cure human cataract and other protein precipitation diseases.
Materials and Methods
The animal experiments were carried out and approved under the Jean Mayer US Department of Agriculture Human Nutrition Research Center on Aging at Tufts University Institutional Animal Care and Use Committee in adherence with the Association for Research in Vision and Ophthalmology statement for the Use of Laboratory Animals in Ophthalmic and Vision Research. Experiments were performed on transgenic animals on a FVB/N background, as described previously (12) , or backcrossed with C57BL/6J mice for two generations to obtain WT copies of the CP49 (Bfsp2) gene (Fig. S1A) . In these animals, expression of MRGS(His) 6 -WT-Ub (WT-Ub) and MRGS(His) 6 -K6W-Ub (K6W-Ub) is under the control of the αA-Crystallin promoter. Details regarding mass spectrometry, immunohistochemistry, and biochemical assays can be found in SI Materials and Methods.
